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ARTICLE INFO ABSTRACT 

Article history: The environmental obligations on manufacturing industry have resulted in development of new 

Received 25 October 2015 methodologies regarding use of lubricants during machining. There has been a continuous effort to shift 

Rose form from flooded lubrication to minimum quantity lubrication. At the same time, the benefits in tribological 
uly 


properties of textured surfaces have also been noticed. An immense work regarding textured surfaces has 
resulted in an improvement in service lives of components by altering their surface topography. Recently, 
surface texturing has also been used in cutting tools. The surface textured tool in form of micro dimples 
or linear grooves either on rake or flank face has been found to decrease cutting forces, coefficient of 
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Se friction and cutting temperature. The use of solid lubricant filled into textured groove is found to provide 
Micro dimples lubrication on tool rake face. Thus, an improvement in machining output parameters have resulted in an 
Linear grooves increase of tool life. The paper presents a thorough literature survey regarding use of textured cutting 
Rake face tools in turning. The main purpose of this review article is to provide a detailed information of the 
Tool life recently introduced sustainable technique in manufacturing of using textured cutting inserts and to 


encourage the same in metal cutting by discussing a way forward in this direction. 
© 2016 Elsevier Ltd. All rights reserved. 
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1. Introduction high melting point, low thermal conductivity are being extensively 
used in modern industries. However, these materials create enor- 
With the advancement of technology, new materials having mous challenges while machining. The low thermal conductivity of 


such materials has resulted in a rapid temperature rise in cutting 
zone which enhances tool wear (Vamsi Krishna et al., 2010). The 
use of cutting fluids in machining reduces friction between chip 


* Ç di thor. i e 
E and tool. It also helps to carry away the wear debris from machining 
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Nomenclature 


approach angle 

ambient temperature 

average shear flow stress on tool-chip interface 
average shear plane temperature 

average shear strength at tool-chip interface 
average temperature of cutting tip 

axial thrust force 

chip density 

chip flow angle 

chip specific heat 

cutting velocity 

chip thickness 

coefficient of friction 

coefficient of friction in sliding region 

cut width 

depth of cut 

depth of micro-groove 

deformation coefficient of chip 

feed rate 

frictional angle 


zone. However, the use of cutting fluid is harmful not only to 
ecology but also to human health. Because of the stringent envi- 
ronmental obligations disposal of these cutting fluids has become 
difficult. Also, these fluids can cause skin and lung diseases among 
machine operators (Jianxin et al., 2009). The Occupational Safety 
and Health Administration, USA found that an over exposure to all 
machining fluids with limits more than 15 mg/m? TWA (Total 
Weighted Average) for total particulate results in ‘nuisance dust’ 
that can have detrimental effects on health of operators. The use of 
complex mixtures of oils, surfactants and anti-corrosive agents 
result in non-malignant respiratory effects (occupational asthma) 
(Hendy et al., 1985). So, there is a strong need to shift towards 
sustainable manufacturing to have both financial and environ- 
mental benefits. 

Several attempts (Vamsi et al., 2010; Nageswara and Krishna, 
2008; Sharma et al., 2009; Lawal et al., 2013; Silva et al., 2013; 
Klocke et al., 2005) have been reported to decrease the cutting 
temperature at interface of tool and chip by use of lubricants. But, in 
recent years a constant effort has also been made to move the in- 
dustry from flooded lubrication to minimum quantity lubrication 
(Silva et al., 2013). Dry machining, which refers to completely avoid 
use of lubricant in metal cutting has several advantages like no 
health issues to operators, no pollution etc. (Khalili et al., 2014; 
Ghani et al., 2014; Lin et al., 2015). However, it involves high fric- 
tion and adhesion, thus there occurs a reduction in tool life during 
dry machining (Klocke and Eisenblatter, 1998; Sreejith and Angoi, 
2000; Weinert et al., 2004). Shokrani et al., 2012 reported that 
cost of cutting fluid is about 16% of total machining cost. However 
tooling cost amounts to 4% of machining cost. So, it is much cheaper 
to have a reduction in the tool life than to the much higher costs 
associated with cutting fluids. Thus, the above said issues like dis- 
eases to operator and disposal of cutting fluids in an environment 
friendly manner can be reduced by adopting dry machining 
(Negrete, 2013; Rajemi et al., 2010; Srikant and Ramana, 2015; 
Ceulemans et al., 2014; Schulze et al., 2016). 

In order to alleviate drawbacks of dry machining, several sus- 
tainable techniques in manufacturing have been adopted for 
cleaner production (Chetan et al., 2015). For enhancing the dry 


frictional force 

main cutting force 

material removal rate 

micro-groove depth 

normal flow stress on tool rake face 
normal force on rake face 

radial thrust force 

rake angle 

ratio of heat flowing into chip to total heat generated at 
tool-chip interface 

ratio of heat flowing into chip to total heat generated at 
shear plane 

resultant force 

shear angle 

shear velocity 

thermal conductivity 

thermal diffusivity 

tool-chip contact length 

tool-chip contact area 

uncut chip thickness 

width of groove 


machining applications, cutting tools have been designed in 
different ways to achieve sustainability. The development of new 
cutting tool materials, applying coatings of solid lubricants are 
some of the tool based sustainable methodologies. Surface 
texturing is one such novel sustainable manufacturing methodol- 
ogy that can allow environmental friendly machining by altering 
the surface topography. Surface textured cutting insert helps to 
reduce friction coefficient by decreasing tool-chip contact length 
(Wu et al., 2014; Xie et al., 2012, 2013; Xing et al., 2014a; Xing et al., 
2014c). The main questions highlighted in this review paper are as 
follows: 


1) Why is there a need of sustainable technique in manufacturing? 

2) What is the mechanism behind reduction of cutting forces, 
reduced cutting temperature and improved machinability of 
difficult to cut materials by using textured cutting inserts? 

3) What are the benefits of surface textured cutting inserts over 
other tool based sustainable manufacturing technologies? 

4) What are the potential areas of future research regarding use of 
textured cutting inserts to achieve cleaner production? 


In the following sections the answers to the above raised 
questions have been answered using a systematic review meth- 
odology as proposed by (Denyer and Tranfield, 2009). 


2. Systematic review methodology 


The aim of the present review paper is to cater the researchers, 
students and industrialists who focus on environmental aspects of 
machining by trying to mitigate the adverse impacts of conven- 
tional turning. The review methodology is based upon the work of 
(Denyer and Tranfield, 2009) that has been widely acclaimed for 
presenting a systematic review (Ceulemans et al., 2014; Schulze 
et al., 2016). The following five step methodology has been adop- 
ted (Denyer and Tranfield, 2009): 


1) Formulation of research questions, 
2) Locating studies, 
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3) Study selection and evaluation, 
4) Analysis and synthesis, 
5) Reporting and using the results. 


Step 1 of the methodology has been explained in Section 1. 
Science direct, Scopus and Web of Science have been used to locate 
relevant research articles based on three keywords, i.e. textured 
tool, self-lubricating tools and sustainable manufacturing in 
turning. In order to meet the transparency requirement of sys- 
tematic review, a database was created using Jabref. By excluding 
the duplication of articles present in more than one search engines, 
970 articles were found appropriate. However, a manual reading of 
abstract left with only 102 articles that were able to answer the 
research questions raised in present review paper. But, some of the 
selected research articles included the tribological aspect of 
textured pattern. So, the present review article highlights a sys- 
tematic review of 37 research papers as discussed in following 
sections. Table 1 presents a brief insight of the research contribu- 
tions of various researchers in this regard. 


3. Cutting tool based sustainable technique: textured cutting 
inserts 


Surface texturing refers to the modification in topography of 
surface to improve tribological performance between mating sur- 
faces. It has been reported that friction and wear results in an 
economic cost of 5% of GDP of developed countries (Syed and 
Sarangi, 2014; Teleginski et al., 2014; Costil et al., 2014; Demir 
et al., 2013). Researchers have found that surface texturing can 
help to improve load carrying capacity and better lubrication 
(Bruzzone et al., 2008; Evans and Bryan, 1999; Oliveira et al., 2013; 
Sudeep et al., 2013; Grabon et al., 2013; Kango et al., 2014; Sudeep 
et al., 2014). Moreover, the surface modifications have been found 
to decrease wear and friction in piston rings, piston pins and hy- 
drodynamic bearings (Xing et al., 2013; Wu et al., 2012; Wan and 
Xiong, 2008; Borghi et al., 2008). Recently, surface texturing has 
also been used in cutting tools. In order to provide lubrication to 
inaccessible area of tool chip contact zone and to decrease contact 
length of chip on tool, the research has been focused on develop- 
ment of micro and nano textured cutting inserts to have cleaner 
production with less carbon footprints (Renevier et al., 2003a,b; 
Ezugwu et al., 2003; Ezugwu, 2005; Aizawa et al., 2005; Renevier 
et al., 2001; Ma et al., 2015). 

Electric discharge machining (Koshy and Tovey, 2011; Aspin 
et al., 1992), mechanical grinding (Xie et al., 2011), reactive ion 
etching, abrasive jet machining (Su et al., 2014; Wakuda et al., 
2003) and laser beam machining (Kovalchenko et al., 2011; 
Garrido et al., 2011) have been used to produce textures on sur- 
face. Researchers (Bouzakis et al., 2000; Brinksmeier et al., 2010; 
Dumitru et al., 2003; Fatima and Mativenga, 2013; Fallqvist et al., 
2013; Jianxin et al., 2009) have reported modified surface of cut- 
ting tool to improve anti adhesion, wear resistance, cutting forces, 
cutting temperature and friction coefficient (Ibatan et al., 2015; 
Chang et al., 2012; Kümmel et al., 2015; Kuroiwa et al., 2013; 
Tang et al., 2013). The following section highlights a comparative 
analysis between traditional plane tools and textured cutting in- 
serts and has been followed by future work regarding the use of 
textured cutting tools. 


4. Cutting forces 


The effectiveness of a cutting process is governed by cutting 
forces, which are affected by cutting conditions (Cutting velocity V, 
depth of cut d and feed rate f), cutting tool geometry and work 
material properties. Any method for the reduction of cutting force 


would result in an extension of life of tool and a better finish of 
machined part. The cutting forces could be reduced with use of 
textured tools in machining as discussed below. 

During cutting process the average frictional force Fr between 
chip and rake surface has been related as per following equation 
(Jianxin et al., 2012; Shaw, 2005): 


Fr = AwTc (1) 


where Aw denotes area of tool chip contact and 7, represents shear 
strength at tool chip interface. The cutting force components (for 
Coulomb friction) in turning are related to frictional force as follows 
(Jianxin et al., 2012): 


Ff 
F; = F,cos(6 — a) (3) 
Fz = F,sin(6 = a) (4) 


where F, denotes resultant force, Fy is thrust force, Fz is main 
cutting force, 6 denotes friction angle, a is rake angle. Thus, it can 
be deduced that cutting forces have a direct relation with shear 
strength at interface and contact area. 

Xie et al. (2013) found a reduction of 32.7% in cutting forces for 
micro-grooved tool in comparison to traditional plane tool for 
different material removal rates (7) while machining titanium alloy 
(Fig. 1). They reported that depth of micro grooves significantly 
affected force reduction. A large depth groove resulted in more 
contact area between chip and rake surface of tool and hence 
resulted in high cutting forces. However, Obikawa et al. (2011) 
found that lubrication effectiveness of texture increased with 
small patterns having more depth while machining aluminium 
alloy A6061-T6. This trend could be accounted for the fact that 
pattern having shallow depth would easily fill up with debris as 
chip flow over textured rake surface. However, if depth of would be 
more, not only the lubricant storage capacity would increase but it 
would also provide more space for debris entrapment. So, shallow 
depth pattern when filled with debris would result in more fric- 
tional force between tool-chip interface and hence would account 
for high cutting forces as compared to pattern having more depth. 

Jianxin et al. (2012), Xing et al. (2014a) and Lian et al. (2013) 
related force reduction during metal cutting with shear strength 
and tool chip contact length. The micro grooves filled with MoS2 
(having lower shear strength) reduced the cutting forces during 
turning of hardened steel. They reasoned the formation of a thin 
lubricating film between chip back and tool rake surface for 
reduction in frictional forces. Moreover, micro grooves were found 
to decrease the effective contact area between chip and tool, which 
also resulted in the force reduction (refer Eq. (1)). Fig. 2 shows 
schematic of tool-chip contact length with use of textured cutting 
insert. It can be clearly seen that as compared to plane tool, there 
occurs a reduction in tool chip contact length for textured cutting 
insert by a factor of number of width of grooves. 

Kawasegi et al. (2009) showed nano textured rake surface to be 
effective than micro textured tool for force reduction while 
machining aluminium alloy. It was found that material adherence 
to tool surface was more in micro-textured pattern as compared to 
nano-textures. They reported that grooves oriented in perpendic- 
ular direction performed better than parallel grooves. This can be 
accounted for the reason that because of plastic deformation of 
work material in parallel grooves, there occurred severe adhesion 
and hence higher cutting forces. However, for grooves oriented at 


Lubricant 


Chem ecol 250 A light duty cutting 


oil 


Water baser cutting fluid, cutting 
oil, tungsten disulphide powder 


DLC coated 


Water immiscible cutting oil 


MoS; 


MoS2 


WS? coating by medium frequency 


magnetron sputtering 


Minimum quantity lubrication of 


Daphne cut eco 


MoS 


MoS 
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Table 1 
Review of textured tools in turning. 
Author Work material Cutting tool Method for creating Groove dimensions [depth 
patterns (d), width(w), diameter ()] 
Xie et al., 2012 Ti6Al4V Cemented tool V tip micro grinding d = 155.1 um 
YG5 
Koshy and 1045 steel and T-15 grade HSS EDM d= 100 um 
Tovey, 2011 6061 aluminium w = 100 um 
Lei et al., 2009 1045 steel Tungsten Femtosecond laser œ = 70 um 
carbide (WC) 
Xing et al., AISI 1045 Al203/TiC Ti: sapphire 
2014a hardened steel ceramic femtosecond laser 
Xie et al., 2013 Ti6Al4V Cemented V- tip diamond d = 7—149 um 
carbide insert grinding wheel w = 50—300 um 
Obikawa et al., Aluminum alloy — Si3N4/TiC Helicon dc magnetron d = 0.5,1,1.2 um 
2011 A6061-T6 ceramic sputtering w = 25—50 pm 
Jianxin et al., 45# carbon steel WC/Co carbide Laser machining d = 200 um 
2012 inserts w = 50 pm 
Xing et al., AISI 1045 Al203/TiC Nd Yag laser d = 45—50 um 
2014b hardened steel ceramic w = 40—50 um 
Femtosecond laser d = 120—150 nm 
w = 350—400 nm 
Lian et al., 45# quenched Cemented Femtosecond laser d = 200 nm 
2013 and tempered carbide w = 300 nm 
steel 
Kawasegi et al., Aluminium alloy WC/Co Femtosecond laser: d=1.3 pm 
2009 A5052 cemented conventional ablation w = 2.2 um 
carbide Laser interferometry d=150nm 
w = 800 nm 
Ze et al., 2012 Ti6Al4V Cemented Nd Yag solid state d = 150 um 
carbide (WC/Co) laser w = 50 pm 
Wenlong et al., 45# hardened Cemented Micro EDM d = 150 pm 
2010 steel carbide insert w = 300 um 


Sugihara and 


Enomoto, carbide insert w = 700 nm 
2009 

Jiang, 2014 4340 hardened Electrostatic field CBN particles of average size 

steel assisted assembly 1.2 um 
Wu et al., 2012 Ti6Al4V Cemented LD side pumped solid d = 100 um 
carbide (WC/Co) state laser w = 50 pm 

Fatima and 4140 high tensile Cemented Ti: sapphire d = 50—150 um 
Mativenga, alloy steel carbide insert femtosecond laser w = 10—20 um 
2013 

Sugihara and Medium carbon Cemented Femtosecond laser d= 5 pm 
Enomoto, steel carbide (WC/Co) w = 20 pm 
2013 tool 

Xing et al., AISI 1045 Al203/TiC Ti: sapphire d = 120—150 nm 
2013 hardened steel ceramic femtosecond laser w = 350—400 nm 


A5052 


Cemented 


Femtosecond laser 


d = 100—150 nm 


CaF 
Graphite 
DLC coated after grooving 


MoS2 


Trefolex cutting oil 


Emulsion type cutting fluid 


WS>/Zn soft coating 


Groove pattern direction 


e Orthogonal grooves 
e Diagonal grooves 

e Areal texture 

e Linear texture 

e Circular holes 


e Laser irradiation with 
pulse energy of 1,2,3 i 
e Along chip flow direction 


e Linear grooves parallel 
to cutting edge 

e Linear grooves 
perpendicular to 
cutting edge 

e Square pits 

e Square dots 

e Elliptical grooves 

e Grooves parallel to the 
main cutting edge 

e Groves inclined to the 
main cutting edge 

e Linear grooves parallel to 
cutting edge 

e Linear grooves 
perpendicular to cutting 
edge 

e Wavy grooves 

e Grooves inclined 30° to 
the cutting edge 


e Perpendicular to chip 
flow 

e Parallel to chip flow 

e Cross patterned texture 

e Elliptical grooves on rake 
face 

e Linear grooves on flank 
face 

e Micro holes 


e Parallel to cutting edge 

e Perpendicular to cutting 
edge 

e Mimicked the 
architecture of shark 
teeth 

e Elliptical grooves 


e Grooves parallel to the 
cutting edge 


e Linear grooves parallel to 
cutting edge 

e Linear grooves 
perpendicular to cutting 
edge 

e Linear grooves parallel to 
cutting edge 

e Linear grooves 
perpendicular to cutting 
edge 

e Areal texture 


90° phase difference to chip flow direction provided more 
restricted contact area and hence resulted in a reduction in fric- 
tional forces. 

However, contradictory to the work reported by other re- 
searchers, Xing et al. (2014b) studied the effect of laser pretreated 
ceramic cutting inserts while machining hardened steel. The 


authors studied the ceramic inserts irradiated with different pulse 
energy of 1, 2 and 3 uJ and named them AT-1, AT-2 and AT-3 
respectively. The interaction between ceramic tool and laser was 
found to be significantly affected by pulse energy. For low pulse 
energy, there occurred slight surface change; whereas, severe 
ablation due to high pulse energy resulted in spontaneous 
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Fig. 1. Variation of cutting force with micro grooved tool of depth 25 ym and 123 pm 
(Xie et al., 2013). 


vaporization of ceramic insert. They reported that such a phe- 
nomenon for high pulse energy resulted in a chaotic distortion of 
texture pattern and irregular granular structures. 

Research has also been focused on studying effect of texturing 
on flank surface. Koshy and Tovey (2011), Lian et al. (2013) and Ze 
et al. (2012) found that high cutting speed resulted in an ineffec- 
tive performance of textured tool (Fig. 3). This could be accounted 
for the reason that lubrication effectiveness decreased with a rise in 
cutting speed while machining hardened steel. This was because 
the distance to which lubricant penetrated into machining region 
was inversely proportional to cutting speed as reported by Koshy 
and Tovey (2011). 

Texturing has also been found to decrease the variability of 
cutting forces during turning of hardened steel as reported by 
Koshy and Tovey (2011). This was because the textured cutting 
insert maintained more consistent tool chip contact length as 
compared to plane tool. They also reported 100% textured surface 
known as areal texture to be more beneficial in force reduction as 
compared to the linear grooves. 

Similar to the findings of Ze et al. (2012), Jianxin et al. (2009) 
reported the micro holes filled with solid lubricant on rake face 
to be more effective in comparison to flank face and un-textured 
tool while machining hardened steel. Wenlong et al. (2010) 
compared the effect of MoS, CaF and graphite filled in micro 
EDMed holes For cutting speed upto 100 m/min, MoS, was found 
to be superior for force reduction while machining hardened steel. 
However, above 100 m/min CaF, was found to perform better. This 
may be because at temperature above 450 °C, MoS2 began to get 
oxidized to form MoO3 which enhanced the friction and hence high 
cutting forces were developed. 


(a) 


Thus, it can be deduced from the above discussion that textured 
cutting tools can effectively help in reduction of cutting forces. 
Though, the researchers have followed Edisonian (i.e. trial and 
discovery) approach in the development of textured pattern, but 
the effectiveness of such pattern may be increased by ensuring less 
contact area between chip and tool rake surface. However, 
texturing should also ensure that strength of cutting edge is not 
reduced due to changes made on rake surface of cutting insert so as 
to prevent catastrophic tool failure. 


5. Cutting temperature 


The major use of cutting fluid during machining process is to 
provide lubrication and cooling. But, because of environmental 
obligations there has been an evolution of new techniques for 
temperature control in machining. Minimum quantity lubrication 
(MQL), compressed air cooling and cryogenic cooling are some of 
the steps taken in this regard. The surface textured tools owing to 
their better effectiveness in temperature control have also been 
reported by several researchers. 

The average temperature of chip near the cutting tip (6;) can be 
calculated using following formula (Ze et al., 2012): 


Or = O04 ay sing + 0.752RoT¢ “if / (5) 
where ĝọ is ambient temperature, R,; represents ratio of heat 
flowing into chip to total heat generated by shear, Rə denotes ratio 
of heat flowing into chip to total heat generated by tool-chip 
friction, V is cutting speed, v; denotes shear velocity, ¢ is shear 
angle, rc represents shear strength at the tool-chip interface, Ts is 
shear strength of workpiece. c1, p1. Az, G2 represents the chip- 
specific heat, chip density, thermal conductivity and thermal 
diffusivity of workpiece at temperature (6; + 09)/2 respectively. 6s 
is the average shear plane temperature. lp represents contact length 
of chip-tool interface and ¥ is deformation coefficient of chip. 

From Eq. (5) it can be deduced that due to texture lp decreased 
according to type of texturing provided (refer Fig. 2), and using 
solid lubricant in texturing reduced the shear strength (7-) of tool 
chip interface. Thus, surface textured cutting inserts were found to 
reduce cutting temperature of tool chip interface while machining 
hard to cut materials. In case of textured tool without lubrication, 
the texturing provided aerodynamic lubrication and a decrease in 
the chip contact length; whereas, for lubricated textured tool the 
smearing of solid lubricant on rake face was found to effectively 
decrease the cutting temperature. Hence, self-lubricating tool hel- 
ped to effectively control the temperature in processing zone while 
machining hard to cut materials. 

Xie et al. (2013) found that the temperature at cutting tip in 
micro grooved cutting tool was less than traditional plane tool. The 


ly -(3* we) 


(b) 


Fig. 2. Comparative analysis of tool chip contact length for (a) plane tool and (b) textured cutting insert. (l;= tool chip contact length; wg = width of the groove). 
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Fig. 3. Force variation for textured tool on rake surface (STT-R) and flank (STT-F) surface (Ze et al., 2012). 


authors reasoned the grooves to provide the site for heat to be 
dissipated from rake surface, when the chip travelled over tool and 
prevented the temperature not to rise above 500 °C while 
machining titanium based alloy. This resulted in better convective 
heat transfer and provided aerodynamic lubrication in case of 
textured cutting inserts. 

Jianxin et al. (2012) reported a rise in the temperature with a rise 
in cutting speed while turning carbon steel (Fig. 4). The elliptical 
grooves (Fig. 4(a)) (STT-1, elliptical grooves; STT-2: parallel grooves; 
STT-3: perpendicular grooves; STT-0: plane tool) and wavy pattern 
(Fig. 4(b)) (AS: Plane tool, AT-PE: Perpendicular grooves, AT-PA: 
Parallel grooves, AT-W: Wavy pattern) helped in more tempera- 
ture reduction as compared to linear and inclined grooves. It was 
because the wavy and elliptical grooves provided more surface area 
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on rake surface for heat dissipation. This is due to the fact that air 
pockets created between textured rake face and chip back surface 
resulted in aerodynamic lubrication, which helped to lower the 
machining temperature. 

Xing et al. (2014) found that the pulse energy of laser irradiation 
on rake surface could significantly affect temperature rise while 
machining AISI 1045 steel. 3 uJ laser irradiated surface performed 
much better in temperature control as compared to surface irra- 
diated with pulse energy of 2 uJ, 1 uJ and plane tool. This could be 
reasoned because higher pulse energy would result in deeper 
nano-textures on rake surface. This would in turn reduce contact 
area between tool and chip and hence increased heat radiating 
area. This effect could make the tool pretreated with high pulse 
energy to be more effective in temperature control. In an another 


Cutting speed (m/min) 


(b) 


Fig. 4. Effect of cutting temperature with cutting speed for (a) elliptical grooves (Jianxin et al., 2012); (b) wavy grooves(Xing et al., 2014a). 
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research attempt, Ze et al. (2012) found texturing on rake surface to 
result in lowest temperature rise when compared to texturing 
provided on flank face while machining Ti6Al4V. This was because 
the chip carrying 80% of heat generated during metal cutting 
traveled over rake surface. Thus, the grooves on rake surface 
decreased tool chip contact length, which in turn decreased heat 
conduction between chip and tool. 

Research has also been carried out for studying effect of soft 
coatings (MoS, CaF2 and WS2) on textured surfaces. In this regard, 
Lian et al. (2013) found that WS, soft coated tool (CFT-WS) helped 
in more effective control of tool chip interface temperature as 
compared to textured (CFT) and plane tool (YS8) (Fig. 5). A 10—20% 
reduction in the temperature was observed by the use of CFT-WS 
tool while machining steel. This was due to ultra-low friction co- 
efficient and a high temperature resistance of WS coating. 

From the above discussion regarding temperature consider- 
ations in machining zone while using textured cutting inserts it can 
be seen that there occurs a temperature reduction near tool cutting 
edge. The lubrication regime developed between the mating sur- 
faces ensures a better temperature reduction, which helps to 
maintain the tool edge integrity and ensures less tool wear and chip 
adhesion as has been discussed in the following section. 


6. Tool wear and anti-adhesion 


The production rate of any industry is highly dependent upon 
tool life and the number of parts that can be manufactured from a 
given tool. During metal cutting, the adhesion of work material 
with tool results in a decrease in the repeatability of machined part 
and hence leads to wear either at rake or flank face. The following 
section highlights a comparative analysis of tool wear between 
plane and textured cutting inserts. 

Xie et al. (2013) observed SEM images of worn rake face of 
traditional and grooved tool (Fig. 6) while turning titanium alloy. 
The wear pattern on grooved tool was found to be less, which could 
be accounted for rapid heat removal that occurred in textured tool. 
However, wider grooves (123 um) were found to result in more 
wear. This was because the wider grooves (with no lubrication) 
resulted in more friction between chip back surface and tool. 

After machining of hardened steel, Jianxin et al. (2012), Xing 
et al. (2014a, 2014b) and Wenlong et al. (2010) performed EDX 
analysis of textured tool to justify the fact that solid lubricant filled 
in elliptical grooves, having lower shear strength was smeared on 
tool surface. It prevented adhesion of work material on rake surface 
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Fig. 5. Cutting tip temperature for plane (YS8), textured (CFT) and soft coated textured 
(CFTWS) cutting insert with cutting speed (Lian et al., 2013). 


and hence resulted in lesser tool wear (Fig. 7). However, in plane 
tool (Fig. 7(a)); the Fe particles (from work material) could be 
located on WC insert, which indicated severe adhesion and tool 
wear with progression of cutting process. 

Kümmel et al. (2015) and Sugihara and Enomoto (2009) studied 
the anti-adhesion properties generated by textured tool while 
turning steel. The dry cutting was found to result in more adhesion 
and hence a large concentration of work material on rake surface. 
Moreover, the pockets provided by grooves for storage of lubrica- 
tion resulted in less temperature rise and hence lesser adhesion for 
developed tool. The banded nano textures were found to reduce the 
adhesion by 50% as compared to nano grooves on rake surface. 

Lei et al. (2009) and Wu et al. (2014) found 28% reduction in 
contact area for micro pool lubricated cutting insert as compared to 
dry cutting while machining mild steel and titanium alloy respec- 
tively. Due to micro pool lubrication, direct tool chip contact area is 
reduced from 1.8 mm to 1.3 mm. The decreased direct contact area 
resulted in less friction force. Moreover, due to high interface 
temperature during machining the thermal expansion of solid 
lubricant stored in micro-holes make lubricant rise above the 
pattern and form a thin lubricating layer at tool-chip interface. 
Hence, due to combined effect of less friction force and lubrication 
tool wear is found to reduce as compared to un-textured tool. 

In an another research attempt, Jiang (2014) bio mimicked the 
serrations of shark teeth on tool surface. The newly developed 
serrations having 3D coating was found to perform better than 
PCBN insert during turning of 4340 hardened steel. The authors 
reasoned the alteration in cutting mechanism by redistributing the 
load from single point in polished PCBN insert to multiple points in 
bio-mimicked serrated cutting inserts for the reduction in flank 
wear for major portion of cutting time. 

Similar to the findings of Sugihara and Enomoto (2009), Xing 
et al. (2014a, 2014b) reported laser pulse energy to had a strong 
correlation with anti-wear and anti-adhesive properties of cutting 
insert during turning of hardened steel. As shown in Fig. 8, height of 
adhesion for laser irradiated tool (AT-1(1 uJ), AT-2(2 wJ), and AT-3 
(3 wJ)) was higher than conventional tool. However, the wear 
depth for developed tool was less than plane tool in dry cutting. 
This is due to reason that in plane tool due to more tool-chip 
contact area, high heat is generated which in turn soften the chip 
and hence result in less adhesion on tool surface. However, in laser 
irradiated tool less cutting temperature is produced not only 
because of less tool-chip contact area but also due to air pockets 
between textured rake face and chip back surface. Also, for tool 
irradiated with more pulse energy the surface becomes more 
irregular. So, as the chip slide over rake surface there occurs a 
smearing of Fe particles from chip surface and hence there occurs 
more chip adhesion. 

Xie et al. (2012) and Sugihara and Enomoto (2013) studied the 
effect of orientation of grooves during turning process while per- 
forming machining of titanium alloy and steel respectively. They 
reported that grooves oriented in direction of chip flow helped in 
fast removal of heat from tool chip interface and hence resulted in 
6.7% lesser tool wear than textured orthogonal tool surface. 

Ze et al. (2012) and Zhu et al. (2009) found that texturing on 
flank face (STT-F) prevented the flank wear by 10—30% as compared 
to rake face textured (STT-R) and conventional tool (CT) during 
turning of steel (refer Fig. 9(a)). Fig. 9(b) shows that tool life 
decreased with a rise of cutting speed. This can be accounted for the 
reason that at higher cutting speed, an increase in temperature near 
tool-chip interface resulted in localized welding of work material to 
tool. Thus, tool life of textured tool was found to be comparable 
with conventional tool at cutting speed over 150 m/min. 
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7. Chip analysis 


The chip formation affects the machining dynamics and its 
analysis is important for tool wear and tool life. It provides infor- 
mation regarding the stress distribution on shear plane and prop- 
erties of material during deformation process. Any method that can 
change chip morphology can help to control the cutting forces and 
hence the machinability of work material. The use of textured 
cutting inserts is one such method that could change the chip 
morphology. Some attempts in this regard are discussed below. 

Xie et al. (2013) analyzed the SEM images of chips formed with 
micro grooved tool while machining Ti6Al4V. The formation of 
finer saw tooth and thinner chips indicated that the grooving on 
cutting tool resulted in a large shear angle, which helped in a 
reduction of the cutting forces and cutting temperature. However, 
such a phenomenon for chip was found to be absent while 
machining Ti-based alloy with plane tool. 

They also discussed the variation in shear angle while 


(b) 


Fig. 7. Wear pattern on (a) plane insert and (b) elliptical grooved cutting insert and corresponding EDX analysis (Jianxin et al., 2012). 


machining Ti alloy with cutting inserts of different groove depth. 
They used the following formula to determine shear angle while 
machining (Shaw, 2005). 


$= tan (i hcosa (6) 
Cc 


— na 


where ¢ is shear plane angle, hc is chip thickness, h is uncut chip 
thickness and « represents rake angle of cutting insert. From Fig. 10 
it can be inferred that 25 um depth grooved texture resulted in 
largest shear angle. A large shear angle denotes less specific cutting 
energy requirement and hence results in more favorable cutting 
conditions. This can be understood by using the following equation 
(Shaw, 2005). 


EV 


Specific energy = (7) 
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Fig. 8. Variation in the height of adhesion for (a) plane and (b,c,d) laser irradiated tool (Xing et al., 2014b). 
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Fig. 9. (a) Flank wear variation with cutting time; (b) Variation of tool life with cutting speed (Ze et al., 2012). 
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Fig. 10. Variation of shear angle with groove depth of the textured tool (Xie et al., 
2013). 


where F, represents the main cutting force, 7 is material removal 
rate and V denotes cutting speed. The textured cutting inserts 
resulted in formation of thinner chips and hence less h; increased 
shear angle. Moreover, the use of textured tool reduced main cut- 
ting force F; and hence reduced the specific cutting energy required 
for machining work material. 

Similar to the findings of Xie et al. (2013) and Sugihara and 
Enomoto (2009), Jianxin et al. (2012) reported that shear angle 
for textured tool (STT-1) was increased in comparison to conven- 
tional tool (STT-0), for a wide range of cutting speed during turning 
of steel and titanium based alloys. Kawasegi et al. (2009) studied 
effect of texture direction while machining aluminium alloy A5052. 
The nano texture oriented in perpendicular direction to chip flow 
was found to provide a smooth chip flow (Fig. 11). However, the 
parallel texturing resulted in an adhesion between chip and tool. 
So, the critical analysis of chip showed that texturing in perpen- 
dicular direction performed better while machining work material. 

In another research attempt, Xie et al. (2012) related the pres- 
ence of less saw tooth phenomenon of chips by textured tool to 
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Fig. 11. SEM images of chips generated by (a,b) nano textured perpendicular grooves; c,d(enlarged view of A),e(enlarged view of B)) nano textured parallel grooves (Kawasegi et al., 


2009). 


explain the reduction in chattering during dry cutting process of 
Ti6Al4V. It was found that the chip length decreased with use of 
grooved tool, which helped in a stable cutting mechanism while 
machining titanium based alloy (Fig. 12). 

Ze et al. (2012) and Fatima and Mativenga (2013) reported a 
decreasing trend in chip thickness ratio with a rise in cutting speed 
during machining of Ti6Al4V and AISI4140 steel respectively 
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Fig. 12. Variation of chip length and chip width for plane and textured tool (Xie et al., 


2012). 


(Fig. 13). This decrease depicted less plastic deformation of work 
material while machining Ti6Al4V using grooved tool (STT-R). 
However, such a reduction was found to be predominant for con- 
ventional tool (CT) only at higher cutting speed (above 150 m/min), 
but grooved tool performed better even at less cutting speed. 
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Fig. 13. Variation of chip thickness with cutting speed (Ze et al., 2012). 
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The formation of continuous chips while machining a work 
material demonstrated the ductile mode of cutting. However, if 
these continuous chips are not broken timely then it may have 
adverse impact on surface finish and temperature rise in cutting 
zone. The use of textured cutting insert act as chip breaker by 
reducing tool-chip contact length. This reduction not only reduced 
cutting temperature but also decreased the cutting forces. The 
formation of thinner chips using textured cutting inserts resulted in 
a rise of shear angle and hence demonstrated more stable cutting 
mechanism. 


8. Friction in turning 


In has been reported that 30% of world's energy is used to 
overcome friction. In various automotive applications, the use of 
highly smooth surface is required for reducing friction, which ac- 
counts for 40% of energy consumption in an engine (Bruzzone et al., 
2008). However, due to material properties and machining con- 
straints the surface finish that can be achieved on a surface is 
limited. Another possible alternative used for reducing coefficient 
of friction is texturing. The textured pattern has been extensively 
used not only in sliding contact but also in metal machining for 
storage of lubrication, which not only reduces friction; but, also 
prevent excessive temperature rise in contact zone (Wakuda et al., 
2003). 

Sugihara and Enomoto (2009) reported banded grooves (having 
polished surface in between micro and nano texturing) to provide 
lesser friction coefficient than parallel and perpendicular direction 
oriented grooves while machining medium carbon steel. This may 
be because the tool surface lubricity was enhanced by creation of 
banded grooves. 

Ze et al. (2012) reported a decreasing trend for friction coeffi- 
cient with a rise in cutting speed during turning of Ti6Al4V. The 
texturing on rake face was found to be more beneficial than on 
flank face. This might be due to the formation of MoS lubricant 
layer which resulted in less friction as chip slide over tool rake 
surface. 

Surface texturing has also been found to shift the Stribeck curve, 
which resulted in less coefficient of friction between contact of two 
solids (Wakuda et al., 2003; Suh et al., 2010; Ogawa et al., 2010) 
(Fig. 14). This may be because surface texturing provided micro pool 
lubrication regime (in case of boundary and mixed lubrication), 
which decreased friction. The authors also reported a decrease in 
coefficient of friction with a decrease in groove aspect ratio. 

From the above discussion it can be seen that research on 
textured surface resulted in lower friction coefficient for textured 
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Fig. 14. Deviation in Stribeck curve with surface texturing (Suh et al., 2010). 


surface than non-textured surface (Zhu et al., 2009; Graham et al., 
2013; Yi et al., 2010). From Fig. 15 it can be seen that for the dimpled 
surface there results a shift in lubrication regime from boundary to 
mixed. However, such a phenomenon was absent for non-textured 
surface. This resulted in a decrease in friction coefficient between 
mating surfaces. 

The benefit of surface texturing in reducing friction coefficient 
can also be understood from following relation (Shaw, 2005). 


(8) 


u = tang (9) 


where a represents rake angle, ¢ denotes shear angle, 6 represents 
friction angle and u represents coefficient of friction. Thus, for 
constant rake angle, a rise in shear angle which occurs by using 
textured tool results in less friction angle (8) and hence reduces 
coefficient of friction (u). Thus, use of textured tool in turning helps 
to provide better lubrication regime with less coefficient of friction 
by using appropriate lubricant. 


9. Surface roughness 


The poor thermal conductivity of advanced materials results in 
high temperature in process zone, which affects tool wear and 
hence surface finish. The result of poor surface finish results in post 
finishing operations, which ultimately enhances the manufacturing 
cost of product. The following section highlights the use of micro 
textured cutting inserts for reducing surface roughness of 
machined workpiece. 

Xie et al. (2012) and Xing et al. (2014b) reported that micro 
textured cutting inserts increased the surface roughness of tita- 
nium and steel parts respectively. However, the deviation in surface 
roughness [Er] was decreased using textured cutting insert (refer 
Fig. 16). The deviation [Er] in surface roughness [Ra] has been 
defined as the maximum fluctuation in surface roughness reading 
from the mean value of five points reading taken over the cylin- 
drical workpiece. Xie et al., 2012 used this term to signify that 
although traditional plane tool result in better surface quality than 
grooved tool, but it produced more uneven surface. This was 
accounted because of more chattering in plane tool as compared to 
textured tool. 

However contradictory to findings of Xie et al. (2012) and Xing 
et al. (2014c), Jiang (2014) found that bio mimicked cutting in- 
serts improved surface finish as compared to highly polished PCBN 
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insert while turning 4340 hardened steel (refer Fig. 17). The better 
surface finish of machined workpiece can be accounted for better 
anti-wear ability of textured tool. Such a phenomenon helped to 
maintain integrity of cutting edge for a long period (Zhang et al., 
2015). 


10. Discussion and future work 


Though various sustainable techniques are available including 
cryogenic cooling, cryogenic treatment of the cutting tools, mini- 
mum quantity lubrication, air/gas cooling and various alternative 
cutting fluids. But such sustainable methods have some drawbacks 
including poor thermal stability of the vegetable oils (used as 
alternative cutting fluids), embrittlement of the work piece due to 
overcooling (in cryogenic cooling), requirement of an external 
supply of coolants and lubricant (in cryogenic treatment of cutting 
tools) and special Dewar equipment required in cryogenic cooling 
and MQL (Chetan et al., 2015). Thus, the recently adopted sustain- 
able technique i.e. surface textured cutting insert is a promising 
technique for reduction of cutting forces, cutting temperature, wear 
and built-up-edge formation. Though this sustainable technique 
also require some special type of machine for the fabrication of 
textured pattern, but if adopted at the stage of insert 
manufacturing, this technique could result in environment friendly 
and cleaner production. 

Surface textured cutting inserts not only reduce tool chip con- 
tact area but also serve the purpose of lubricant reservoirs. The 
reservoirs make cutting insert self-lubricating in nature as and 
when required. The chips produced during machining process have 
been classified as favorable and unfavorable chips based on the ease 
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Fig. 17. Surface roughness variation with machining time for 3D coated and PCBN 
insert (Jiang, 2014). 


moves over textured rake surface results in a change in stress levels 
along the smooth side of chip from tensile to compressive and 
hence there occurs a rise in chip coil radius. Moreover, the forma- 
tion of shorter chips with textured cutting inserts ensures no 
entangling around work piece and helps to attain better surface 
finish. However, during plane tool the formation of longer chips 
increases the temperature in machining region accompanied with 
poor surface finish of machined work piece. Although the use of 
textured tool has resulted in better machining outcome but the 
research in the direction is in its infancy. The research in the near 
future can be followed in the following directions: 


e The effectiveness of these surface textured cutting inserts over a 
long period of metal cutting has not been studied. It can be 
argued that the effectiveness of self-lubricating cutting inserts 
will decrease with time as the embedded lubricant will be taken 
away by moving chip in due course of time and also the textures 
may wear. 

e The research in area of self-lubricating cutting insert should be 
focused on developing internally cooled cutting inserts with a 
continuous supply of lubricant during the course of machining. 

e The location of texture, texture dimension optimization needs to 
be explored in future to make the machining more environment 
friendly while cutting difficult to cut materials. 

e The research can also be focused on bio mimicking some natural 
textures on tool rake face and different possibilities of texture 
patterns can also be studied. 


11. Conclusions 


The present review paper covers a systematic review of 37 
research articles contributed by various researchers in field of 
sustainable manufacturing pertaining to the use of textured cutting 
inserts. Based on research findings, the key contribution of present 
review paper is that it highlighted the shortcomings and future 
work that can be intended in near future. This paper can be bene- 
ficial to practitioners of industry who wish to incorporate sus- 
tainable techniques in manufacturing. It provides a short 
comparative analysis in the discussion section to highlight the 
benefits of self-lubricating cutting inserts over other sustainable 
manufacturing technologies available till date. 

This paper also points out the areas where research is required 
to make this technique more efficacious. Thus, for the researchers 
this review article highlights the loopholes regarding this not much 
explored technique of using textured tool. As the environmental 
obligations are becoming more stringent and industrial sector is 
facing several challenges with introduction of new difficult to cut 
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materials, present review article provides benefits enumerated 
below to enhance the machinability of such materials: 


1. The textured tool is found to decrease the cutting temperature 
and tool wear as compared to non-textured tool. 

2. A significant reduction in cutting forces is found with textured 
tool. 

3. The texturing on tool rake face is found to result in a decrease in 
tool chip contact length, which results in a decrease in coeffi- 
cient of friction. 

4. The textured tool filled with solid lubricant is found to improve 
the lubricity and cutting performance of tool. 

5. The texture orientation and dimensions are found to signifi- 
cantly influence cutting performance of cutting tool. 


The research in the near future can be further extended based on 
the findings of the various researchers reported in this review 
article to make the process more efficient. These steps will further 
help in improving the machinability of difficult to cut materials and 
a step closer to environment friendly and cleaner method of 
production. 
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Appendix A. 


Figure A represents the various cutting forces acting on the tool- 
chip interface in textured cutting insert. The rake face contact can 
be divided into two regions, the sticking and sliding region. Ac- 
cording to the friction model proposed by Ozel and Altan (2000), 
there occurs a variable coefficient of friction for sticking region and 
a constant friction coefficient for sliding region. This is due to the 
variation in the shear and normal stress distribution on tool-rake 
face. In the sticking region, there occurs an excessive material 
adherence to tool-rake face due to high normal stress. This makes 
the real contact area to be equal to the apparent area of contact. For 
tool-chip sticking zone, the coefficient of friction (u) can be 


Po 
l ha 
y P Tool = 
< / y 
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d Surface texturing filled = 
(D+ B-y]) Pua with solid lubricants ~~ 
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calculated as per follows (Ozel and Altan, 2000): 
_ Kchip (A1) 
=a 


where kehip denotes average shear flow stress at tool chip interface 
and gn is normal flow stress on tool rake face. In the sliding section, 
the usual sliding friction prevails, due to less normal force. This 
makes the frictional force to be independent of apparent area of 
contact. Whereas, due to some asperity contact in the sliding sec- 
tion, the real contact area is much smaller than the apparent area of 
contact. The coefficient of friction in sliding region (u) is denoted 
as follows (Ozel and Altan, 2000): 


j (A2) 
Hp a Fn 
where Ff is friction force on tool rake face and F, denotes the 
normal force. During metal cutting, the average frictional force over 
the entire rake face and chip back surface are given by the following 
equation (Jianxin et al., 2012): 
Fr = lfWcTe (A3) 
where F; denotes the average frictional force on tool rake face, lp is 
tool-chip contact length, w: denotes cut width and Tc is average 
shear strength at tool-chip interface. The resultant cutting force (F,) 
can be calculated as: 
Fr 
F; ==; A4 
r= np (A4) 
The other cutting forces during oblique cutting can be deter- 
mined using the following formulae (Jianxin et al., 2012): 


Fx = F, sin(6 — a) cos(W; + W3) (A5) 
Fy = F, sin(f — a) sin(W, + W,) (A6) 
F, = F, cos(6 — a) (A7) 


where W, is approach angle and W} denotes chip flow angle. Fy 
represents axial thrust force and Fy is radial cutting force, F, de- 
notes main cutting force, F, is resultant force, ĝ is friction angle and 
a denotes rake angle. 


Fig. A. Force diagram for forces acting on shear plane for textured cutting insert (Jianxin et al., 2012). 
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Appendix B. 


In metal cutting, the research has shown that the average 
temperature of chip near the cutting edge is approximately equal to 
the sum of average shear plane temperature and rise in tempera- 
ture due to tool-chip friction. Figure B shows the schematic of heat 
flow into the machining region during metal cutting. (Wu et al., 
2014). 
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Fig. B. Heat flow during metal cutting (Wu et al., 2014). 


The average shear plane temperature (0;) can be expressed by 
following equation 


sing (B1) 


However, the average rise in temperature for tool-chip friction 
(4;) has been approximated as 


azl V 


y / 2 (B2) 


øp = 0.752RoTe 


The shear heat per unit time and unit area (q4) is denoted by 


q1 = Tsvs (B3) 


The heat produced by tool-chip friction per unit time and unit 
area (q2) is calculated as 


_ TV 
2 = 


Hence, the average temperature of chip near cutting edge (0t) 
(Wu et al., 2014) 
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